OBJECTIVE: Lou/C rats are a substrain of Wistar rats that exhibit a spontaneous low caloric intake and no development of obesity with age. Recently, we reported that Lou/C rats, compared to equally food-restricted Wistar counterparts, show lower resting levels of plasma glucose, epinephrine and liver glycogen. To further explore this metabolic particularity, we used exercise (swimming 60 min) as a situation of high-energy demand, to test the ability of Lou/C rats to maintain euglycemia. DESIGN: Male Lou/C rats (14-week-old) were compared to age-matched male Wistar rats fed either ad libitum (WAL) or Wistar rats whose food was chronically restricted (WFR) to the same caloric intake as the Lou/C rats. RESULTS: In spite of low liver glycogen stores (B50% of normal values), Lou/C rats were able to maintain euglycemia during exercise even though liver glycogen breakdown was blunted. The decreased use of glycogen during exercise in Lou/C rats was associated with a reduced epinephrine response compared to WFR animals. By contrast, WFR were also able to maintain euglycemia during exercise but at the expense of a significant (Po0.01) decrease in liver and muscle glycogen content. Plasma free fatty acid and glycerol concentrations were increased (Po0.01) similarly in all three groups during exercise. In a separate experiment conducted in isolated hepatocytes from 24 h fasted Lou/C and Wistar rats, it was found that gluconeogenic flux from glycerol was found to be significantly (Po0.01) higher in Lou/C than in Wistar rats (5.470.2 vs 3.770.1 mmol/min/g dry cells). Resting and exercising plasma leptin levels were also significantly (Po0.05) lower in Lou/C than in the two other groups. CONCLUSION: It is concluded that Lou/C rats have the particularity to rely spontaneously less on their liver glycogen stores to meet their energy demands during exercise while maintaining euglycemia.
Introduction
Lou/C rats, an inbred strain of rats of Wistar origin, 1 are characterized by a low caloric intake 2 and no development of obesity with age as compared to Wistar rats. 3 Accordingly, Lou/C rats exhibit reduced body weight at all ages as compared to Wistar counterparts and percentage of fat has been shown to be stable throughout life. 4 Surprisingly, however, little information is known about the metabolic behavior of this strain of rats, except their preference for fat at the expense of carbohydrates during aging. 5 Furthermore, Lou/C rats seem to resist overfeeding-induced weight gain, probably because they do not increase their 24-h caloric intake. 6 Our group has recently conducted a study aimed at delineating the metabolic profile and body composition of Lou/C rats. 2 As compared to Wistar rats fed ad libitum, Lou/C rats displayed lower resting levels of plasma glucose, a tendency toward reduced liver glycogen stores and displayed lower hexokinase activities in both liver and skeletal muscle. These data suggest a different regulation of carbohydrate metabolism in Lou/C rats that may be related to their antiobese characteristics. This assumption is somewhat supported by the observation that Wistar rats fed the same caloric intake as the Lou/C displayed a two-fold greater fat accumulation relative to Lou/C. 2 To further explore this metabolic specificity, in the present study, Lou/C rats were submitted to a condition of increased carbohydrate demand induced by physical exercise. Indeed, during mild or moderate nonexhaustive exercise, glucose utilization increases sharply but is normally matched by increased glucose production such that hypoglycemia does not occur. This is accomplished by redundant glucoregulatory systems including sympathoadrenergic activation and changes in pancreatic hormone secretion. 7 More specifically, we were interested in determining how rats with a reduced energy intake like the Lou/C rats cope with the increased energy demand of exercise while maintaining normal plasma glucose level. 2 Indeed, it has been
shown that the sympathetic responses to caloric restriction or to chronic stress were clearly different between obesityprone (OP) and obesity-resistant (OR) rats. 8, 9 On the basis of a lower plasma glucose and epinephrine level, and a tendency toward reduced hepatic glycogen stores measured under basal conditions, 2 we expected that glucose homeostasis of Lou/C rats would be somewhat impaired by increasing carbohydrate use with exercise. To delineate whether their expected inability to maintain glucose homeostasis is linked to chronic caloric restriction, we compared the hormonal and metabolic responses to exercise of Lou/C rats with those measured in pair-fed Wistar rats. The current study was undertaken to investigate how rats selected for their genetic propensity to be obesity-resistant respond to exercise in conditions often proposed to humans in weightreduction programs.
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Methods (experimental)
Animal care Experiments were carried out on three groups of male rats. One group consisted of Lou/C rats (Harlan, UK), which were derived originally from Wistar. 1 The two other groups consisted of Wistar rats that were either fed ad libitum (WAL), or chronically (last 11 of 14 weeks) food-restricted (WFR) by adjusting caloric intake to that of Lou/C rats. All rats were bred in our animal facility for 3 months. After weaning (3 weeks), all rats were housed in individual cages in a room with a 12 h light-dark cycle such that the lights were on from 0700 until 1900, and the room temperature was maintained at 21-231C. The rats were fed rat chow (AO3, Usine Alimentation Rationnelle, Villemoisson, France) and had free access to water. Food intake and individual body weight were recorded daily for all rats in the three groups. The Wistar control group (WAL, n ¼ 14) was given free access to the diet, and the food-restricted group (WFR, n ¼ 16) was fed with the same amount of food as consumed by Lou/C rats (n ¼ 16). At 3 days before killing (at 14 weeks of age), a catheter was inserted into the right jugular vein through a small incision in the neck under halothane anesthesia. The catheter was prepared from PE-50 tubing in which two small expansions were made by heating the tubing in two localized areas 2 and 2.5 cm from the tip. These small ridges prevented the catheter from moving in or out of the vein after it was secured with two silk sutures beneath the skin, and exteriorized on the back of the neck. The catheter was filled with sterile heparinized saline and heat-sealed. This catheter was used for blood sampling and, thereafter, for anesthetizing the animals.
Exercise protocol
The exercise test consisted of a 60-min swimming bout in a barrel of water maintained at 36-371C. Swimming was used instead of running to minimize the effect that a difference in weight may have on exercise intensity in rodents.
Experimental protocol
Food was removed from the cage at 0700 and the experiments were conducted between 0900 and 1130. At 1 h before the beginning of the experiment, the jugular catheter was connected with a saline-filled polyethylene tubing (PE-50; B40 cm) to facilitate sampling. The animals were then allowed to rest for 1 h, period during which a baseline (resting) blood sample was taken. Resting blood sample, collected without preservative, was centrifuged and the red blood cells were re-suspended in a Krebs solution and reinjected into the animal. The animals were, thereafter, exercised for 1 h. During the last minute of swimming bout, a second blood sample was collected (exercise sample). Immediately after, animals were anesthetized with pentobarbital sodium (20 mg/kg i.v.). As soon as anesthesia was obtained, the animal was removed from the barrel, swiftly dried and the abdominal cavity was quickly opened. A small piece of liver was taken from the median lobe and frozen with aluminum block tongs cooled in liquid nitrogen. The plantaris muscle of the right leg was quickly exposed, excised and frozen in melting isopentane precooled in liquid nitrogen. Finally, the remainder of the liver, retroperitoneal and epididymal adipose tissue were removed and weighed.
In a separate experiment, rats (Lou/C, WAL, WFR) were killed at rest for determination of liver and muscle glycogen concentration. Muscle and liver glycogen contents were calculated from glycogen concentration (mmol/g) and organ weights (g).
Isolation of hepatocytes and incubation in closed vials
In a separate experiment, five Lou/C and five WAL rats were anesthetized with sodium pentobarbital (10 mg/100 g body wt i.p.) after a 24 h fast, and the hepatocytes were isolated according to the method described by Burelle et al. 11 Liver cells (final concentration 10 mg dry cells/ml) were incubated in closed vials for 45 min in 2.8 ml Krebs-Ringer bicarbonate buffer (in mM: 120 NaCl, 4. with glycerol (20 mM) or lactate/pyruvate (20/2 mM). Every 15 min, 300-ml volumes of the cell suspension were sampled and deproteinized with 5% HClO 4 . After centrifugation (2 min, 14 000 Â g), the supernatant was removed and neutralized (KOH and (2N)-3-(N-morpholino) propanesulfonic acid (0.3 M)) for subsequent glucose assay. Data were expressed as glucose flux (J glucose ), in mmol/min/g dry cells.
Analytic methods
Peripheral blood was collected into syringes and immediately separated into three fractions. The first portion of blood (400 ml) was transferred into tubes containing Trasylol TM (5 ml), kept in crushed ice and centrifuged for 2 min (Eppendorf centrifuge, #5415). The plasma was stored for subsequent glucagon determination. The second portion of blood (400 ml) was transferred into tubes containing EDTA (7%) for subsequent catecholamine determination. The remaining fraction of blood was also centrifuged for 2 min and the plasma was stored for subsequent glucose, insulin, leptin, free fatty acids (FFA), glycerol and b-hydroxybutyrate determinations. All tissues and blood samples were stored atÀ781C until analysis. Enzymatic assays were used to assess glucose (Sigma, France) and FFA (Wako, Germany). Insulin, glucagon and leptin plasma levels were determined using radioimmunoassay kits (respectively, ICN-Pharmaceuticals, Pharmacia-Upjohn and Linco). Plasma b-hydroxybutyrate concentration was fluorometrically determined using a method derived from Williamson and Mellanby. 12 Glycerol concentration was quantified by an enzymatic method with a kit (Boehringer, France). A small portion (20-30 mg) of muscle or liver sample was hydrolyzed in KOH for measurement of glycogen by a method derived from Keppler and Decker 13 Catecholamines were extracted from plasma and assayed by high-pressure liquid chromatography with electrochemical detection as described previously. 14 
Statistical analyses
All data are reported as means7s.e. Statistical comparisons were performed using one-or two-way analysis of variance (ANOVA) for repeated or nonrepeated measures as applicable. The Fisher least significant difference post hoc test was used to identify specific mean differences (Po0.05). Glucose fluxes were compared using the Student's t-test.
Results
WAL rats displayed a significantly higher food intake as compared to Lou/C rats (540717 and 31573 kcal/week during the last month of the experiment, for WAL and Lou/ C, respectively). As a consequence, WAL rats were significantly heavier than Lou/C rats at the time of sacrifice (38776 and 26774 g for WAL and Lou/C, respectively). By adjusting food intake we were able to match perfectly growth rate of WFR to that of Lou/C such that at killing, body weight was similar in WFR (27974 g) and Lou/C. The relative weight of white adipose tissue from the retroperitoneal and epididymal areas was significantly (Po0.01) lower in Lou/C rats than in the two other groups (Table 1 ). There were no significant differences between WFR and WAL in the relative weights of the white adipose tissues. Plasma glucose levels, both at rest and during exercise, were significantly (Po0.01) lower in Lou/C (3.7370.12 and 3.5770.19 mmol/l for rest (R) and exercise (E), respectively) than in the two other groups of rats (WAL ¼ 4.7570.18 and 4.7170.30 mmol/l for R and E, respectively; WFR ¼ 4.6070.20 and 4.7270.73 mmol/l for R and E, respectively (Figure 1a) ). There was no significant effect of exercise on plasma glucose in any of the groups. Resting liver glycogen content was significantly (Po0.05) higher in WAL than in Lou/C and WFR rats (Figure 1b) . Exercise resulted in a decrease in liver glycogen levels, which reached significance (Po0.05) in WAL and WFR rats only. Furthermore, the rate of hepatic glycogen breakdown (calculated as the difference between the mean resting level of glycogen for each group and the level measured in swimmers at the end of exercise) was significantly lower (2157176 glycosyl units/h) than those calculated for WAL (6727153 glycosyl units/h, Po0.05) and WFR (5517115 glycosyl units/h, Po0.02).
Resting muscle (plantaris) glycogen content was significantly (Po0.05) lower in WFR as compared to either Lou/C or WAL (Figure 1c) . Exercise resulted in a significant muscle glycogen breakdown in WFR (2.770.8 glycosyl units/h) as compared to Lou/C (0.670.4 glycosyl units/h, Po0.05) and WAL (1.1370.5 glycosyl units/h, Po0.01).
There were no significant intergroup differences in resting plasma glycerol, FFA and b-hydroxybutyrate concentrations (Figure 2) . Exercise resulted in a significant increase in circulating glycerol and FFA in all groups. Plasma bhydroxybutyrate was significantly (Po0.01) increased by exercise in WFR rats. 
Metabolic responses in exercising Lou/C rats K Couturier et al
There were no significant intergroup differences in resting insulin, epinephrine and norepinephrine levels ( Figure 3) . Exercise resulted in a significant (Po0.01) decrease in circulating insulin and increase in plasma catecholamines (epinephrine and norepinephrine). Whereas norepinephrine response to exercise was significantly (Po0.05) greater in Lou/C and WFR than in WAL rats, plasma epinephrine levels during exercise were lower in Lou/C rats as compared to WFR rats. At rest, plasma glucagon levels were significantly (Po0.05) lower in Lou/C rats compared to WFR rats. On the other hand, plasma glucagon remained unaffected by exercise. Resting plasma leptin concentrations were similar in WAL and WFR rats, whereas Lou/C displayed significantly lower circulating levels (Table 1) . Exercise resulted in a significant (Po0.01) increase in plasma leptin in all three groups with concentrations for Lou/C rats remaining significantly (Po0.05) smaller than WAL and WFR rats. Hepatocytes isolated from 24-h fasted animals displayed a significantly (Po0.01) higher rate of neoglucogenesis in Lou/C rats than in Wistar rats when incubated with glycerol (Table 1) but not with lactate/pyruvate (data not shown).
Discussion
The first observation from the present study is that rats fed with either a high or a low caloric intake are able to maintain blood glucose during exercise. However, the mechanisms implicated for glucose homeostasis are likely different between obesity-prone (Wistar) and obesity-resistant (Lou/ C) rats. This categorization was chosen because energy intake was reported to be the critical factor determining susceptibility to dietary obesity in Wistar rats 15 whereas Lou/C rats do not increase their 24 h energy intake in response to exposure to highly palatable food. 
Metabolic responses in exercising Lou/C rats K Couturier et al
Lou/C were able to maintain blood glucose at a reduced level in spite of lower liver glycogen stores and no significant exercise-induced hepatic glycogen breakdown (Figure 1 ). By contrast, Wistar rats (WAL) are able to maintain euglycemia but at the expense of a higher liver glycogen breakdown (6727153 vs 2157176 glycosyl units/h, Po0.02 for WAL and Lou/C, respectively). The low rate of hepatic glycogen breakdown by Lou/C rats during exercise might be partly explained by their reduced resting liver glycogen stores and/ or to the sympathetic control of glucose turnover during exercise. 16 Thus, glucose production by the liver is not influenced by the autonomic liver nerves but is clearly dependent on circulating epinephrine in rats carrying out exercise at moderate intensity and duration. 16 Indeed, adrenodemedullation markedly impaired glucose production during exercise by reducing hepatic glycogenolysis. 16 It is likely that the attenuation of the epinephrine response to exercise reported here in Lou/C rats ( Figure 3c ) was responsible for the blunting of liver glycogen breakdown observed in this particular strain of rats (Figure 1b) . The maintenance of euglycemia during exercise in Lou/C rats in spite of lower initial liver glycogen content and of an Metabolic responses in exercising Lou/C rats K Couturier et al absence of hepatic glycogen breakdown during exercise implies the involvement of other compensatory mechanisms. We previously reported that Lou/C rats displayed a 20-30% reduction in muscle hexokinase activities 2 thereby implying a lower glucose use by exercising muscles. Hepatic gluconeogenesis is generally increased by caloric restriction 17 and Lou/C rats display spontaneous reduced caloric intake 2 suggesting that these rats might also have an increased capacity for gluconeogenesis. To test this possibility, we conducted an additional experiment on isolated hepatocytes. We found that gluconeogenesis from glycerol was drastically increased (45%) in Lou/C rats as compared to WAL (Table 1) , whereas in the same conditions gluconeogenesis from lactate/pyruvate was similar in both rat strains. Even though at rest only 2-3% of the hepatic glucose output arises from glycerol, it has been shown that exercise increases gluconeogenesis from glycerol about nine-fold. 18 Baba et al 19 have suggested that the contribution of glycerol to glucose production is directly correlated to its release as a by-product of lipolysis, thus supporting the notion that accelerated lipolysis during exercise has a physiological role by providing gluconeogenic precursor. Furthermore, glycerol feeding before prolonged exercise was found to reduce liver glycogen breakdown and to slow the decline in blood glucose. 20 Collectively, these data suggest that Lou/C rats were able to maintain blood glucose during exercise by increasing gluconeogenesis from glycerol and not from hepatic glycogenolysis. It does not appear that the peculiar metabolic and hormonal responses to exercise of Lou/C rats are linked to their B40% reduced caloric intake. Indeed, Wistar rats fed with the same amount of food as Lou/C rats displayed under resting conditions a nonsignificant decrease in liver glycogen level and a significantly reduced muscle glycogen reserve (Figure 1b, and c) . Furthermore, during exercise, these WFR rats were able to maintain blood glucose but at the expense of a significant decrease in liver glycogen (Figure 1c) , the rate of glycogen breakdown being twice as much in WFR (5517115 glycosyl units/h) as compared to Lou/C rats (2157176 glycosyl units/h, Po0.02). It is likely that the enhanced epinephrine response to exercise (Figure 3c ) participates in glucose homeostasis of WFR suggesting that the sympathetic response to exercise is enhanced in obesityprone (Wistar) as compared to obesity-resistant (Lou/C) rats. These differences in sympathetic activity between spontaneous (Lou/C) and imposed (WFR) caloric restriction raise the important issue regarding the mechanisms involved in the regulation of sympathetic activity during caloric restriction. In this respect, sympathetic activity is reported to be higher in obesity-prone (OP) than obesity-resistant (OR) when the rats are fed on rat chow. 8 These results are in accordance with the reduced plasma epinephrine levels measured in Lou/C vs WFR (Figure 3c ). On the other hand, OR rats showed no indication of adrenomedullary activation (24-h urine epinephrine collection) and their sympathetic activity was decreased in response to moderate chronic stress. 9 Our Lou/C rats displayed reduced plasma epinephrine levels during exercise as compared to WFR but a similar norepinephrine response. It has been recently suggested that the regulation of sympathetic activity during caloric restriction could be related to reduction in adiposity and/or plasma leptin levels in order to preserve lean body mass. 8 From the data obtained in the present study as well as those obtained previously, 2 it can be hypothesized that the significant reduction in plasma epinephrine of Lou/C rats might be related to reduced adiposity and/or to the lower plasma leptin levels (Table 1 ) as compared to WFR. Although this is consistent with the idea that sympathetic activity and fat mass are related, it seems likely that some other factor common to both regulates the complex interaction between the two. However, this observation does suggest that the less carcass fat, the greater the degree of conservation of energy in the form of increased metabolic efficiency. 8 This idea is somewhat supported by the preservation of lean body mass (as assessed from muscle weight and carcass protein content) of Lou/C rats as compared to WFR under conditions of isocaloric feeding. 2 The differences in exercise-induced epinephrine response between Lou/C and WFR could also explain the relative muscle glycogen sparing observed after the exercise bout ( Figure 1) . Indeed, Lou/C rats displayed no glycogen breakdown in the plantaris muscle during exercise. In contrast, a significant reduction in muscle glycogen levels was observed in WFR. It has been previously shown that muscular glycogenolysis during exercise is partly controlled by medullary hormones in rats, 21, 22 the rate of muscle glycogen breakdown being dependent upon the intensity of exercise. 23 However, in the present study, it is likely that rats exercised at a similar intensity because similar blood lactate levels were reached during exercise (1.170.1, 1.170.1 and 1.470.1 mM for WAL, Lou/C and WFR, respectively). The sparing of carbohydrate in exercising Lou/C rats raises the obvious alternative that lipids are used to a greater extent. From the data obtained in the present study, as well as those obtained previously, it would appear that Lou/C rats rely more on lipid utilization in the resting state than their weight-matched Wistar counterparts, as evidenced by their reduced abdominal adiposity (Table 1) . 2 This assumption is supported by recent data showing that muscle palmitoyl carnitine oxidation by isolated mitochondria was significantly greater in Lou/C (60.21714.18 ng atoms O/mg/min) as compared to Wistar (29.8671.88 ng atoms O/mg/min); Garait and Favier, unpublished data). It is also interesting to recall that Lou/C rats exhibit a particular preference for fat (80%) at the expense of carbohydrate during aging without any repercussion on growth rate. 5 Surprisingly, however, free fatty acid and glycerol concentrations were increased to a similar extent in all three groups during exercise (Figure 2 ). One indication that fatty acid mobilization during exercise might be affected by caloric intake is the observation that the exercise-induced norepinephrine response was significantly higher in both Lou/C and WFR than in WAL rats ( Figure 3 ). It
Metabolic responses in exercising Lou/C rats K Couturier et al is possible, as above suggested, that the sparing of liver glycogen in Lou/C rats during exercise is compensated by an increased gluconeogenesis and that lipid oxidation during exercise is similar for both groups. Even though adiposity is lower in Lou/C than in WFR animals (Table 1) , it does not imply that, during exercise, lipids were oxidized to a greater extent in Lou/C rats. Nevertheless, plasma b-hydroxybutyrate (b-OH) concentrations during exercise were significantly higher in WFR whereas the exercise-induced increase in bhydroxybutyrate levels for Lou/C was close to significance (P ¼ 0.06; Figure 3 ). Alternatively, it is possible that intramuscular lipid oxidation might be enhanced in Lou/C rats.
In conclusion, results of the present study show that Lou/ C rats have particular metabolic adaptations to exercise. One of the most striking features of these rats is their ability to maintain euglycemia during exercise while preserving liver glycogen stores. Isolated hepatocytes from resting Lou/C rats also show a greater capacity for gluconeogenesis from glycerol than hepatocytes from their Wistar counterparts. It is possible that these specific hepatic metabolic features of Lou/C rats are related to their absence of fat accumulation with age. Further elucidation of this relation may provide interesting research avenues as to the underlying mechanisms that cause some rats to be more resistant to obesity than others. A first step might be to look more closely at the interaction between hepatic glycogen metabolism, fatty liver infiltration and the level of adiposity.
